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INTRODUCTION
Human-induced land use worldwide has 
accelerated soil erosion and increased sedi-
ment transport by large rivers to 17.8 × 109 t yr–1 
(Hooke, 2000; Syvitski et al., 2005; Wilkinson, 
2005). Various fi eld studies have documented 
that mean rates of soil loss on agricultural plots 
may exceed the rates of soil formation by as 
much as an order of magnitude (Dale et al., 
1998; Farnsworth and Milliman, 2003). Tropi-
cal mountain areas in particular are undergoing 
rapid soil erosion, which is currently limiting 
their agricultural growth potential.
Notwithstanding the growing number of 
fi eld studies on the effect of land use change on 
erosion rates, quantitative information on the 
importance of humans as agents of mountain 
erosion is scarce (Hewawasam et al., 2003; 
Vanacker et al., 2003b; Harden, 2006). Modern 
elevated sediment fl uxes in tropical mountain 
areas are commonly attributed to improper 
land management, although natural process 
rates may be high due to steep slopes, tectonic 
activity, and the erosive climate (Summerfi eld 
and Hulton, 1994; Dadson et al., 2003; Milli-
man and Kao, 2005).
The standard tools to determine soil erosion 
rates are conventional sediment measurements 
using a comparative plot or fi eld approach. 
However, this approach does not allow one to 
assess the impact of humans on erosion proc-
esses occurring at the catchment scale. Before 
we can make such an assessment, we fi rst need 
a natural benchmark against which a rate in per-
turbed areas can be compared. Analyzing sedi-
ment generation at undisturbed forested sections 
is not likely to result in representative estimates 
of natural benchmark sediment fl uxes within a 
region (Brasington and Richards, 2000). Sedi-
ment fl uxes are known to be of an episodic nature, 
and conventional sediment-yield measurements 
can greatly underestimate or overestimate long-
term average sediment fl ux rates (Hovius et al., 
2000; Kirchner et al., 2001; Hewawasam et al., 
2003). Due to their long averaging time, cosmo-
genic nuclide-based denudation rates average 
out episodic fl uctuations in sediment fl uxes, and 
refl ect long-term fl uxes dominated by the natu-
ral pre-anthropogenic background (Brown et al., 
1995; Bierman and Nichols, 2004; von Blanck-
enburg, 2005).
The Cuenca Inter-Andean basin in the south-
ern Ecuadorian Andes provides a prime location 
for examining the impact of land use on sedi-
ment fl uxes. The basin is characterized by steep 
slopes (i.e., average slope is ~18°) and shallow 
argillaceous soils developed on sedimentary and 
metasedimentary rocks intercalated with inter-
mediate to acidic volcanic rocks (Hungerbuhler 
et al., 2002). Field observations indicate that hill-
slopes erode by water erosion and shallow mass 
movements (Vanacker et al., 2003a). Sediment 
storage in alluvial deposits is minimal. The pres-
ence of argillaceous soils developed on highly 
weathered rocks gives rise to high surface run-
off, sediment production, and sediment transport 
to the river system (Vanacker et al., 2003b). Ero-
sion has been accelerated by successive periods 
of land clearing and abandonment, resulting in 
massive land cover conversion. More than half 
of the primary forest has been converted to agri-
cultural land, secondary woody vegetation, or 
exotic forest (Vanacker et al., 2003a; see GSA 
Data Repository Fig. DR11). The average sedi-
ment yield for the 5176 km2 Paute catchment 
is currently ~650 t km–2 yr–1 (Jerves, 2001). To 
examine the human impact on sediment fl uxes, 
we calculated the human acceleration of sedi-
ment fl ux for a total of 37 sites based on the 
ratio of anthropogenically accelerated sediment 
yields to long-term natural denudational mass 
fl uxes as determined from cosmogenic nuclides 
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1GSA Data Repository item 2007075, Figure 
DR1 (view of the study area), Table DR1 (catchment 
morphology, cosmogenic nuclide data, and sediment 
fl uxes), and Appendix (procedure to estimate the 
fractional vegetation cover for each catchment), is 
available online at www.geosociety.org/pubs/ft2007.
htm, or on request from editing@geosociety.org or 
Documents Secretary, GSA, P.O. Box 9140, Boulder, 
CO 80301, USA.
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in river-borne quartz. We then compared this 
ratio to a vegetation cover index, and derived a 
functional relationship between the two.
METHODS
Spatially averaged natural denudation rates 
for 13 catchments of 0.1–276 km2 in the Intra-
Andean valley were derived from the concen-
tration of in situ–produced cosmogenic nuclides 
of river sediments (Bierman and Stein, 1996; 
Fig. 1). The derived denudation rates integrate 
over a period determined by the time it takes 
to erode ~0.6 m of bedrock (i.e., one cosmic-
ray absorption depth scale; Lal, 1991). There-
fore, denudation rates typically integrate over 
5–150 k.y. Given this long averaging time, the 
cosmogenic-nuclide derived rates dampen short-
term secular changes in denudation rates (von 
Blanckenburg, 2005, Fig. 4 therein). Unless 
human-caused soil erosion is so grave that 
deeply shielded sediment has become exposed, 
cosmogenic nuclides are dominated by the 
preanthropogenic background denudation rate 
(von Blanckenburg, 2005). Furthermore, they 
include episodic extreme erosion events, which 
are unlikely to be captured by conventional sedi-
ment fl ux measurements (Kirchner et al., 2001). 
These long-term catchment-wide denudation 
rates reveal the average denudational mass fl ux 
(including mechanical and chemical denuda-
tion) (Brown et al., 1995; Bierman and Steig, 
1996; Granger et al., 1996) and provide useful 
benchmarks for quantifying human impact on 
sediment fl uxes (Hewawasam et al., 2003; Gellis 
et al., 2004; von Blanckenburg et al., 2004).
Present-day sediment yields were calculated 
from reservoir sedimentation measurements for 
37 catchments. Many reservoirs were created in 
the 1990s by the construction of a series of check 
dams in channels to reduce sediment delivery to 
the main river, and are located throughout the 
Inter-Andean depression (Fig. 1). Most of the 
check dams consist of gabions reinforced with 
concrete, resulting in little sediment loss before 
the check dam is actually overtopped. Consider-
ing this as well as the relatively coarse nature of 
the sediments transported, the trap effi ciency for 
these small constructions, T, is estimated to be 
90% during their fi lling time Δt. Their drainage 
area, A, typically ranges between 0.1 km2 and 
20 km2. We measured the accumulated sediment 
volume, V, for 106 reservoirs in 2004 and 2005. 
If we assume an average dry bulk density of the 
deposited material, ρs, of 1.3 t m–3, a conserva-
tive estimate of the mean annual specifi c sedi-
ment yield, E (t km–2 yr–1), can be calculated:
 E = V × ρs/(A × Δt × T). (1)
The relative error on these sediment yield esti-
mates typically ranges between 30% and 40% 
(Verstraeten and Poesen, 2002).
We also analyzed the vegetation cover in 
the catchments, as vegetation cover is one of 
the key factors regulating surface hydrology 
(Thornes, 1990; Gyssels et al., 2005). Ground 
cover protects the surface from raindrop impact, 
controls the infi ltration rate, and reduces sur-
face runoff (Bruijnzeel, 2004). We combined 
land cover information from 1/10,000 land 
cover maps with vegetation plot data to cal-
culate the fractional vegetation cover for each 
catchment (Appendix A; see footnote 1). First, 
we compiled land cover maps based on aerial 
photographs of 1995, and validated the maps in 
2005 during an extensive fi eld survey. Similarly, 
reservoir sedimentation measurements integrate 
sediment yields over the period 1990–2005. 
Hence, the two parameters cover essentially the 
same period and are directly comparable. Seven 
distinct (one natural and six nonnatural) types 
of land cover were identifi ed on the aerial pho-
tographs: native forest, eucalyptus forest, pine 
forest, rangeland, arable land, shrubland, and 
barren land. Second, the average surface veg-
etation cover of each of the seven major land 
cover classes (Table 1) was calculated based 
on measurements of surface vegetation cover 
on randomly selected 1 × 1 m vegetation plots. 
The surface vegetation cover was assessed visu-
ally from vertical photographs of the 1 × 1 m 
plots, which were overlain by a wooden frame 
with grid cells of 0.10 × 0.10 m (100 nodes; 
Bonham, 1989). The fractional surface vegeta-
tion cover was then calculated as the fraction of 
nodes covering vegetation. The surface vegeta-
tion cover refers to the cover that is actually in 
contact with or very close to (<0.10 m) the soil 
surface, and can therefore be considerably lower 
than the total vegetation cover. The fractional 
vegetation cover shows large variation between 
the land cover classes, but consistency within 
the classes (Table DR1; see footnote 1). Native 
forests and grasslands have the highest vegeta-
tive cover, followed by plantation forests, herbs 
and shrubs, agricultural land, and barren land. 
Barren land has a fractional vegetation cover of 
only 0.08. For each catchment, the fractional 
vegetation cover was then calculated by taking 
the weighted average of the surface vegetation 
cover of all land cover types that prevail in the 
catchment, using the area of each land cover 
class in the catchment as the weighting factor.
NATURAL AND MODERN 
EROSION RATES
The 13 catchments sampled for long-term 
average sediment fl uxes refl ect the range of 
topographic conditions prevailing in the Intra-
Andean valley (Fig. 1). As human occupation 
resulted in massive forest clearing, only 4 of 13 
sampled catchments are still >50% covered with 
native forest. Average denudational mass fl uxes 
estimated from cosmogenic nuclides in these 
catchments average 168 ± 95 t km–2 yr–1 (Table 
DR1; see footnote 1).
These values are similar to those obtained 
from similar measurements in 9 disturbed catch-
ments: 141 ± 72 t km–2 yr–1 (Fig. 2). Hence, we 
conclude that the average denudational mass 
fl uxes obtained from cosmogenic nuclide con-
centrations are independent of land cover and 
represent long-term benchmark fl uxes. These 
fl uxes are comparatively low, on average 149 ± 
81 t km–2 yr–1 or 56 ± 31 mm k.y.–1 for the past 
10–25 k.y., given that they were obtained in an 
active convergent mountain belt. We attribute 
this to the location of the studied catchments 
within the central part of the Inter-Andean 
depression. Its hillslope morphology is more 
gentle than the morphology of the Eastern or 
Western Cordillera, and its average slope angle 
(18°) is ~8° to 10° lower than the outer slopes 
of the Andean Cordilleras. This intramountain-
ous region of reduced relief also coincides with 
a region of reduced precipitation.
Figure 1. Location map of study area. Black 
diamonds indicate catchments selected for 
quantifi cation of modern sediment yield, 
gray crosses indicate those selected for 
cosmogenic nuclide-derived denudation 
rates. Characteristics of all catchments are 
detailed in Table DR1 (see footnote 1).
TABLE 1. FRACTIONAL SURFACE VEGETATION 
COVER PER LAND COVER CATEGORY
 N* Mean ± 1  
  S.D.
Native forest 7 0.99 ± 0.03
Pine forest 11 0.70 ± 0.08
Eucalyptus forest 16 0.67 ± 0.13
Shrubland 29 0.56 ± 0.28
Agricultural land 22 0.43 ± 0.16
Grassland 11 1.00 ± 0.01
Barren land 37 0.08 ± 0.08
Note: Fractional surface vegetation cover is given 
as the mean ± 1 standard deviation of the vegetation 
cover measurements of the N vegetation plots per 
land cover category.
*The number of vegetation plots per land cover 
class, N, varies between 7 and 37.
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Present-day sediment yields show large spa-
tial variability, ranging over three orders of mag-
nitude (Fig. 2; Table DR1). More than 25% of 
the catchments have short-term sediment yields 
that are <400 t km–2 yr–1. Although these sedi-
ment measurements integrate over a short time 
period, the average sediment yields are compa-
rable to the benchmark denudational fl uxes we 
measured from cosmogenic nuclides. However, 
several catchments display sediment yields that 
are at least 10 times higher than the maximum 
long-term mass fl ux (Table DR1). In these 
highly eroding catchments, vegetation is sparse 
and the soil is completely stripped by water ero-
sion and weakly resistant rocks are exposed.
VEGETATION CONTROL ON 
EROSION RATES
Surface vegetation cover strongly controls 
present-day sediment fl uxes (Fig. 2). Average 
sediment yields, E, decrease exponentially with 
an increasing fractional vegetation cover, C, 
according to the equation
 E = a × e–bC, (2)
where in our study area a = 20,500 ± 1200 
(t km–2 yr–1) and b = 4.9 ± 0.7 (dimensionless), and 
e is Euler’s number (constant). At the catchment 
scale, the fractional vegetation cover explains 
57% of the observed variation in  present-day 
sediment yields. An additional control, not con-
sidered herein, is the effect of variable lithology. 
This negative exponential relationship, describ-
ing the vegetation control on soil erosion rates at 
the catchment scale, is similar to empirical equa-
tions established for splash, rill, and  inter-rill 
erosion at the plot scale (Gyssels et al., 2005). 
The coeffi cient b indicates the effectiveness of 
surface vegetation cover in reducing overall sedi-
ment fl uxes. Our results indicate that the vegeta-
tion control on soil erosion rates at the catchment 
scale is strong, and similar to the one at the plot 
scale for splash (b value = 3.5 ± 1.0; Gyssels 
et al., 2005), rill, and interrill erosion (b value 
= 4.8 ± 2.0; revised data from Gyssels et al., 
2005). Our results extend the scale of previous 
plot studies to a wide range of geomorphic proc-
esses, including sediment production, delivery, 
and transport, operating at spatial scales ranging 
from 1 m2 to 100 km2. They show the general 
character of an exponential decrease of sediment 
yield with increasing surface cover.
The human impact on sediment fl ux was 
evaluated for eight catchments by comparing 
present-day sediment yields with long-term 
benchmark denudational mass fl uxes obtained 
from cosmogenic nuclide analysis of the reser-
voir fi lls. If we assume that since the Late Gla-
cial secular variations introduced by changes in 
climate, vegetation, and tectonic activity into 
the preanthropogenic denudation rate in the 
central part of the Cuenca Inter-Andean basin 
were minor compared to the increase in erosion 
by land use, then the ratio of the contemporary 
sediment yield to the long-term benchmark 
fl ux gives us the contemporary acceleration of 
sediment fl uxes due to human disturbance. The 
values we present here are conservative esti-
mates, because unlike cosmogenic nuclides, the 
contemporary sediment yields do not include 
mass loss by chemical weathering (typically 
amounting to a few percent of the total denuda-
tion; von Blanckenburg, 2005). Figure 3 shows 
that catchments with more than 75% or 80% 
vegetation cover have modern sediment yields 
that are in good agreement with the pre-anthro-
pogenic benchmark. For these well-vegetated 
catchments, we observe no statistical difference 
in sediment fl ux between relatively undisturbed 
catchments (mainly covered by native forest) 
and highly disturbed, anthropogenically modi-
fi ed catchments (now covered by grass, or euca-
lyptus or pine forest, Fig. 2). Our observations 
indicate that present-day sediment yields in well 
covered, but highly disturbed catchments in the 
central Inter-Andean depression are comparable 
with long-term denudational fl uxes for catch-
ments with native forest. This suggests that the 
effect of human activities (including logging, 
plantations, or cultivation) on sediment yield 
can be minimal, if the overall surface vegetation 
cover is protected or restored.
CONCLUSIONS
Removal of a surface vegetation cover leads 
to an exponential acceleration of sediment 
fl uxes. Sediment yield increases by as much as 
100 times if the surface vegetation cover in the 
upstream area is reduced. However, our data sug-
gest that stabilization and restoration of degraded 
land by increasing its surface vegetation cover is 
possible. Suitable revegetation programs may 
slow sediment yields back to near their natu-
ral benchmark value. As an example, Figure 4 
shows one of the many cases in the Ecua dorian 
Andes, where badlands were reforested with 
eucalyptus or pine trees as a response to grow-
ing demands for timber and fi re wood (Vanacker 
et al., 2003b). The surface vegetation cover of 
Figure 2. Plot of present (circles) and long-
term (gray rectangles) sediment fl ux rate vs. 
fractional vegetation cover of catchment (i.e., 
fraction of catchment covered by vegetation). 
For contemporary sediment yields, endemic 
character of vegetation cover is given as 
percentage of upstream area covered by 
native forest. This percentage is represented 
by extent of fi lling of data circles. Sediment 
fl uxes are given as average sediment fl ux. 
Error bars are ±1 standard deviation.
Figure 3. Acceleration of sediment fl uxes 
due to recent anthropogenic disturbance. 
Erosion acceleration factor is calculated 
by dividing present sediment yield derived 
from sediment infi llings in small reservoirs 
by long-term benchmark denudational fl ux 
from cosmogenic nuclide analyses. Black 
dots represent catchments in which both 
present and long-term sediment fl uxes were 
measured. For other data points, mean long-
term denudational fl ux (142 t km–2 yr–1) was 
used as benchmark value to estimate human 
acceleration of sediment fl uxes. Values are 
given as mean acceleration of sediment 
fl uxes. Error bars are ±1 standard deviation.
Figure 4. Reforestation with eucalyptus and 
pine trees stabilizes badlands and reduces 
soil erosion rates. A: Removal of vegetative 
cover accelerates soil erosion and induces 
badland development (note that the dis-
tance between two gullies at the bottom left 
is ~2 m). B: Revegetation reduces runoff and 
stabilizes gully systems.
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barren land (average C = 0.08) increases eight-
fold due to reforestation (average C eucalyptus 
and pine forest = 0.69), which often results in 
a stabilization of the gully systems (Vanacker 
et al., 2003b). Successful reforestation of barren 
land is shown to result on average in a 10–45-
fold decrease in sediment fl uxes.
The evidence presented here has important 
implications for strategic planning of erosion 
mitigation. The comparison of present-day and 
cosmogenic nuclide-based denudational fl uxes 
makes it possible to provide useful reference 
points for quantifying the impact of land cover 
change on sediment fl uxes. These data are key 
for optimization of erosion control measures in 
three fundamental ways (Pimentel et al., 1995; 
Gisladottir and Stocking, 2005). First, they can 
pinpoint zones where human acceleration of 
sediment yield has been critical. Second, by 
setting a long-term benchmark they establish a 
target value that allows initial evaluation of the 
potential economic benefi ts of soil conserva-
tion programs. Third, they allow us to assess the 
effectiveness of such programs after their imple-
mentation. In more general terms, they can open 
the possibility for solid cost-benefi t analyses of 
usually costly erosion mitigation strategies.
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